Plasmas with anisotropic electron velocity distribution functions are needed for the controlled study of kinetic plasma instabilities in the laboratory. We demonstrate that such plasma can be produced using ultrashort laser pulses via optical-field ionization (OFI). We experimentally show this control by using Thomson scattering as a diagnostic to probe the characteristic electron velocity distributions using linearly and circularly polarized laser pulses to ionize helium. Furthermore the He plasma produced by a circularly polarized light pulse exhibits the onset of the electron streaming instability within 300 fs of ionization, demonstrating applicability of OFI generated plasmas for studying the kinetic theory regime of plasma physics.
The theoretical foundation of plasma physics has a conceptual hierarchy: exact microscopic or single particle description, kinetic theory and fluid theory [1] . There are important physical problems where the complete microscopic description is impractical while the fluid model is inadequate. In such cases the plasma is described in terms of one or more velocity distribution functionsthis is the basis of kinetic theory of plasmas [2] . Experimental verification of these kinetic effects is predicated upon the ability to control or know the velocity distribution functions of the plasma species. For instance temporal evolution of kinetic phenomena such as plasma wave generation by inverse Landau damping [3] and instabilities such as the streaming [4] , electron filamentation [5] and Weibel [6] could be quantitatively compared with theory if suitable electron velocity distribution functions (EVDF) could be initialized in a plasma. Aside from their fundamental interest, these kinetic effects are encountered in space plasmas [7] , fast ignition fusion [8] , high-energy colliders [9] , neutrino-plasma interactions [10] and recombination X-ray lasers [11] . With the advent of femtosecond lasers it has become possible to manipulate the EVDF by optical field ionization (OFI) of atoms or molecules. Specifically by using an appropriate combination of laser wavelength(s), intensity profile, polarization, direction of propagation and ionization state of gases/molecules one can create plasmas with known EVDF. In this article, we experimentally demonstrate two examples of such nonthermal and anisotropic distribution functions by ionizing both electrons of He using fs-class linearly and circularly polarized laser pulses and show evidence for the electron streaming instability within 300 fs after the formation of the plasma.
Optical-field ionization of gases becomes dominant over multi-photon ionization when the Keldysh parameter is in the tunnel ionization regime, i.e. γ = (U i /2U p ) 1/2 1 where U i is the ionization potential and U p is the ponderomotive potential of the laser [12] . The energy and the direction of the ionized electron in OFI depends upon the details of the laser pulse(s) and the ionization state of the gas [13] [14] [15] [16] . In Fig. 1 we show four examples. Generally speaking the electrons are ejected transverse to the wave vector of the laser pulse along the direction of its polarization in the non-relativistic limit (a 0 ≤ 1), producing strongly non-thermal and/or anisotropic EVDF in the resulting plasma. Here a 0 = eA/mc 2 = eE/mωc is the normalized laser strength parameter, where A is the vector potential, E is the laser electric field, and ω is the laser frequency. The EVDF of highly charged states produced by relativistic pulses (a 0 ≥ 1) in a dense plasma are rather complicated because they can be affected by numerous other physical effects such as wakefields/parametric instabilities [17, 18] , direct energy exchange with the laser field [19] and therefore will not be considered here. The polarization dependence of OFI produced electrons has been tested in previous work in either the long-wavelength [13] or the barrier suppression limit using very low-pressure gases [20, 21] . Leemans et al. [22] showed that it was possible to control the Raman instability by varying the polarization of a 200 ps CO2 laser produced OFI plasma. Moore et. al. [23] showed that when intense (a 0 ∼ O (1)), longer laser pulses are used, the electrons gain additional energy from the ponderomotive potential of the laser envelope. Glover et. al. [24] used Thomson scattering diagnostic to fit the scattered light spectrum from an OFI He plasma produced using a linearly polarized 800 nm pulse but they did not observe scattering from each of the two ionic species of He. Thus, no experimental confirmation of the nonthermal and/or highly anisotropic initial EVDF characteristic of OFI plasmas has been made to-date even though the kinetic instabilities that follow the creation of such plasmas have been predicted [25] [26] [27] .
In Fig. 1 we show four examples of such EVDF in velocity space (v x vs v y ) using the 3D particle-in-cell (PIC) code OSIRIS [28] where the formation of a fully ionized, dense (5 × 10 18 cm −3 ) He plasma is modeled using the ADK theory [29] . In all cases the simulations consider tunnel ionization of electrons [12] (γ He 1+ = 0.38 and γ He 2+ = 0.23) and self-consistently include other physical effects such as the ponderomotive force of the optical pulse, plasma kinetic effects, and wake formation. We shall refer to the electron that ionizes first as the He shown here are just after the passage of the laser pulse.
Here the x-y plane is perpendicular to the direction of propagation of the laser, z. In these cases the He 1+ electrons are ionized early during the risetime of the laser pulse within a few laser cycles and the He 2+ electrons are ionized approximately 10 fs after the first He electron. These electrons have both transverse (x and y) and longitudinal (z) oscillating energy of a few eV due to a weak linear wake formed by the laser pulse [17] and the ions are essentially cold in all directions. We manipulate the EVDF in Fig. 1 by changing the polarization of the laser pulse to ionize He atoms from linear (a), to elliptical (b) to circular (c, d). Figure 1 (a) shows that the initial electron distribution along the laser polarization direction (y) in the linear polarization (LP) case can be well described by a sum of two 1D (near) Maxwellian distributions with temperatures of 60 eV (He 1+ ) and 210 eV (He 2+ ) respectively. In the elliptical polarization case (degree of ellipticity α = 0.5, (Fig. 1(b) ) the EVDF shows four lobes with the distribution in x much wider than that in y. Once again the He 2+ electrons (gray) are more energetic than He 1+ electrons. In the circular polarization (CP) case ( Fig. 1(c) ), electron distributions are donut-shaped in the x-y velocity space. In the x-y plane the resulting electron velocity distribution has 4 radial streams. The transverse streams in Fig. 1(b) and the radial streams in Fig. 1(c) have larger drift velocities than their thermal velocities. Kinetic theory predicts that plasmas with such distribution functions are susceptible to developing kinetic instabilities [2] . It is the relative drift between these streams that gives rise to the electron streaming instability. The existence of electrons close to zero transverse velocity suggests that the plasma has already evolved by the end of the laser pulse, due to collective effects. The overall initial electron distribution in the circular case is also shown in Fig. 1(c) , blue curve. It indicates a highly non-Maxwellian distribution with much hotter root-mean-square (rms) temperature of ∼ 470 eV (220 eV and 910 eV for the He 1+ and the He 2+ electrons respectively). In case 1(d) a two frequency CP laser pulse with different intensities generates a bump-ontail distribution that would lead to spontaneous generation of plasma waves via inverse Landau damping. From the above examples, it is clear that numerous other "designer" EVDFs are possible by optimization of laser and choice of the ionizing medium.
As mentioned earlier the measurement of the EVDF is difficult because plasmas can very quickly develop kinetic instabilities. These collisionless processes tend to isotropize the initially produced EVDF on a timescale far shorter than electron-electron collisions alone, estimated to be tens of ps for typical value of T x,y /T z expected here. We therefore use the Thomson scattering diagnostic with ∼ 90 fs (FWHM) probe pulses to interrogate the EVDF of the OFI helium plasma just ∼ 300 fs after ionization is completed. During such a short time period plasma density evolution due to expansion or recombination can be neglected.
The experimental setup is shown schematically in Fig.  2 . The plasma was formed by ionizing a static fill of He gas at various pressures by focusing a 800 nm, ∼ 50 fs (FWHM) duration laser pulse containing ∼ 10 mJ energy. The laser was focused by an off-axis parabolic mirror (OAP) to a spot size 2w 0 of 16 µm giving a peak intensity of ∼ 1 × 10 17 W/cm 2 . The ∼ 1 mJ, ∼ 90 fs (FWHM), 400 nm probe pulse is generated by a 1.5-mmthick KDP crystal. The total group delay (τ g ) between the pump and the probe is estimated to be ∼ 300 fs. The probe beam was focused by the same OAP and focused to a even smaller spot size within the fully ionized plasma. Thomson scattered light was collected at 60
• with respect to (w.r.t.) the incident pulse by a one-to-one imaging system that relays image of the central part of the plasma to the entrance slit of the spectrograph. The plane containing the incident probe wave vector ( k pr ) and the scattered light wave vector ( (v x ) directions as shown in Fig. 1(a) . There is only one configuration for circular polarization (C) since the "double donut" EVDF generated is transversely isotropic (Fig. 1(c) ).
The measured scattered spectra are used to infer the near instantaneous status of OFI plasmas by comparing them with the Thomson scattering theory [30] . All the data shown in this paper are the average of 200 consecutive shots to improve the signal-to-noise ratio. For a non-relativistic, non-magnetized plasma with an electron distribution function f e ( v) and an ion distribution function f i ( v), Thomson scattering spectral power density (SPD) function can be written as
where Z is the atomic number of the atom, = 1+χ e +χ i is the dielectric function, χ e and χ i are the electron and ion susceptibilities. We can apply arbitrary distribution functions f e and f i to calculate S k, ω and get the spectral shape of the Thomson scattered light. Due to the broad bandwidth of the probe beam (∼ 3.4 nm) and the limiting wavelength resolution (∼ 1 nm) of the spectrograph, the ion feature spectrum is not resolved in our experiment and thus information about the plasma comes from the first term in Eq. (1). The 60
• scattering angle determines the measured k m in this experiment as depicted in Fig. 2 . It should be noted that the temperatures of the two-Maxwellian distributions in the experiments are expected to be different than those from the simulations since we observe the plasma along k m which has a 30
• angle with respect to the transverse plane used in simulations. The observable temperatures, which are evaluated from the projection of the distribution onto the measured wavevector [31] , are about 45 and 160 eV for polarization L . The scattered light spectra from plasmas produced by LP pump taken at two fill pressures are shown in Fig.  3 . The central spectral feature at around 400 nm is the ion feature which is not frequency resolved in this experiment. The frequency shift of the "electron feature", which is associated with collective scattering from electron plasma waves is symmetric on either side of the ion feature. The red dashed line in each plot is the best fit of the calculated SPD function S (ω). Figure 3(a) and 3(b) show the spectra where the polarization is perpendicular to the scattering plane (L ⊥ ). We found that a single Maxwellian distribution with electron temperature of 18±2 eV (room temperature ions) fits spectra obtained at both low (10 torr) and high (75 torr) pressures. The corresponding temperature in the perpendicular plane after 300 fs is expected to be ∼ 12 eV from simulations. Thus there is a reasonable agreement between the experiment and the simulations.
The scattering spectra when the linear polarization is in the scattering plane L are shown in Fig. 3 (c) and 3(d) also for helium fill pressures of 10 and 75 torr respectively. In this case, the calculated SPD functions given by a single Maxwellian distribution (not shown) do not fit with the experimental spectra. The data were therefore fitted by taking a two-temperature distribution into consider- ation. Substituting f e = 0.5f e,T1 + 0.5f e,T2 into Eq. (1) where T 1 and T 2 are fitting parameters (T 2 > T 1 ) while keeping the ions as a fixed ultra-cold component, we get a new set of SPD functions that describe the scattering spectra for the linear polarization case. The best fits give T 1 = 20 ± 2 eV and T 2 = 180 ± 20 eV. The agreement here with the simulations is again reasonable. We can see that the theoretical plots shown The frequency shift of the electron feature in the collective scattering regime should increase as the Langmuir wave frequency, ω pe . Figure 4 shows the measured spectral peak shifts for various plasma densities for different polarization configurations. For both L ⊥ and L , the shifts of their sideband peaks both increase with densities as expected. This is clearly not the case in the case of circular polarization which is also shown. The frequency shift of the electron feature for the CP case was almost independent of the plasma density, which is indicative of some other collective phenomena being dominant collective scattering mechanism than the usual Langmuir waves.
The Thomson scattered spectra for the CP pump pulses are shown in Fig. 5 . Recall that the electrons in this case have higher average kinetic energy than those with LP and the EVDF deviate greatly from Maxwellian. Our fitting attempt using Eq. (1) failed with either one-temperature or two-temperature Maxwellian distributions as expected. At low enough plasma densities collective effects are not important and one expects photons to be Doppler up or down shifted because of the individual electron motion irrespective of the shape of the EVDF. We found that it is possible to fit the experimental spectrum taken at this low plasma density using the distribution function observed in the simula- The measured spectrum at 10 torr He pressure and a fit that is the sum of the Doppler shifted spectrum (dotted pink curve) expected from the electron distribution shown in Fig. 1(c) and stray light spectrum of the probe beam (dotted blue curve). (b) The measured Thomson scattered spectrum at 75 torr (blue curve) and the calculated spectrum (dotted red curve) using a distribution with two pairs of drifting Maxwellian counter streams (drift velocities of ±0.015c and ±0.046c, widths of 87 and 79 eV, and a density ratio of ∼ 4 : 1) deduced from the EVDF shown in Fig. 1(c) .
tion as shown in Fig. 1(c) . The simulated EVDF fits to the wings of the total spectrum with a plasma density of 6.6 × 10 17 cm −3 used in the experiment. When the spectrum of the stray probe photons is also taken into account the overall Doppler shifted plus the stray photon spectrum fits the experimentally measured spectrum extremely well. This excellent fit confirms that the EVDF in the CP case has four streams in the radial direction as shown by the lineout in Fig. 1(c) . For the higher density case (Fig. 5(b) ) two distinct spectral "electron" peaks with asymmetric shifts appeared. Their frequency shifts were both ≤ ω pe and independent of the plasma density as was not the case with LP shown in Fig. 4 . This is expected if the scattering is from the streaming instability where the spectral shift depends on the streams' drift velocity, ∆ω ∼ k m · v d where v d is the relative drift velocity between electron streams which is independent of plasma density. Substituting the observed spectral shift of two satellites we obtain | v d | equal to (0.02 ± 0.002) c (blue) and (0.025 ± 0.005) c (red) respectively. Since k m = k r + k z we are actually observing the oblique electron streaming instability. This is confirmed in the OSIRIS simulations. The streaming instability onset occurs in the the x-y plane as expected but it quickly spreads in all three dimensions this in turn leads to the onset of the electron streaming instability in an oblique direction [32] that we observe here. This is the first laboratory observation of the electron streaming instability because of the anisotropy of the EVDF of the plasma electrons to our knowledge. The reason why one can measure the density dependence of the plasma frequency using Thomson scattering in the LP case is that the onset of the two-stream instability happens almost 1 ps later when LP is used compared to when CP laser pulse is used. This is because the ionization process itself produces relative electron streaming in the CP case whereas the fastest He 2+ electrons have to bounce off the plasma sheath to begin streaming in LP case [33] .
In conclusion, we have demonstrated that OFI may be a method for controlling the initial EVDF in plasmas. We have used Thomson scattering diagnostic to probe two such EVDF within 300 fs of their initialization by OFI in He plasmas using different polarization configurations. The scattered light spectra are consistent with the expected anisotropic distributions. Until they are isotropized and thermalized such plasmas cannot be described by the fluid theory and thus present a new platform for studying kinetic effects and instabilities in laboratory plasmas.
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